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Abstract 
Tissue engineering strategies rely on suitable membranes and scaffolds providing the 
necessary physico-chemical stimuli to specific cells. This paper summarizes the main 
results on piezoelectric polymers, in particular poly(vinylidene fluoride), for muscle and 
bone cell culture. Further, the relevance of polymer microstructure and surface charge 
on cell response is demonstrated. It is thus shown that, together with the necessary 
biochemical clues, the proper design of piezoelectric polymers can open the way to 
novel and more reliable tissue engineering strategies for cells in which 
electromechanical stimuli are present in their environment.   
 
 
Introduction 
Materials used as scaffolds for tissue engineering applications are designed to match 
structural, morphological, mechanical and chemical properties of the tissue or organ that 
will be replaced. Apart from blood, most, if not all, human cells in human tissues are 
anchorage dependent, being therefore a critical issue the microstructure and surface 
properties of the scaffolds. This important issue is related to the extracellular matrix 
(ECM), which depends on the tissue under consideration, presenting multiple 
components and tissue-specific interactions [1]. Further, the understanding of the 
electrical properties of tissues and cells is attracting increasing attention. Electrical 
signals are present in many functions of living cells, i.e., they generate electromotive 
force, increase or decrease the differences in electrical voltage whenever necessary, use 
varying resistances in series or in parallel, switch on and off, control and rectify current 
flow and store charge [2-3]. An electrical voltage exists across the plasma membrane, 
with the inside of the cell remaining more negative than the outside. By convention, the 
potential outside the cell is zero; therefore, the typical value of the membrane potential 
is in the range of -60 to -100 mV [4]. 
Conductive polymers have been thus used for tissue engineering applications [3], but 
some drawbacks exists concerning these materials such as the need of an external power 
source to promote electrical stimuli to the cells. 
An interesting possibility for applying electrical signals to biological tissues is the use 
of piezoelectric materials and, in particular, piezoelectric polymers. Piezoelectric 
polymers are materials that generate varying surface charges under mechanical 
solicitation and do not require additional energy sources or electrodes [5] for the 
generaltion of the electrical signal. These materials are thus suitable for novel active 
tissue engineering strategies in which electroactive response and scaffold microstructure 
will play an essential role. 
 
Poly(vinylidene fluoride) as piezoelectric polymer 
PVDF is a polymer with remarkable polymorphism, showing at least four crystalline 
phases: , ,  and , being the -phase the one with the highest piezoelectric 
coefficient [6-7] and consequently the most desirable for applications were the electrical 
response is needed. 
The non-polar -phase is typically obtained from the melt at moderate or fast cooling 
rates, while -PVDF is achieved by stretching films in the -phase at high stretching 
ratios at temperatures between 80 and 100 ºC. During the  to -phase transformation, 
the spherulitic structure with a TGTG’ (trans-gauche-trans-gauche) conformation 
characteristic of the -phase is destroyed and an all trans-planar “zigzag” microfibrillar 
polymer chain reorganization is obtained (figure 1a). This process results in films 
mostly in the -phase, but with a small percentage of -phase material [5, 8-9]. 
Unoriented films exclusively in the -phase can be obtained from the crystallization of 
PVDF from solvent casting when solvent is removed at temperatures below 70 ºC. 
These films show a high degree of porosity [8]. Further, the -phase of PVDF can be 
also nucleated by the inclusion of specific fillers such as ferrite nanoparticles, zeolites or 
ferroelectric particles, among others [6]. 
Electrospray and electrospinning revealed to be a versatile method to produce PVDF 
particles and fibers, respectively, due to its simplicity, cost-effectiveness and potential 
for scale-up [10]. PVDF particles obtained from electrospray present a mean diameter 
between 800 nm up to 6 µm, depending of the processing conditions, in particular on 
the polymer solution viscosity (figure 1c) [11-12]. When solution viscosity is high 
enough to promote polymer entanglement, PVDF random or aligned fibers can be 
obtained with average fiber diameters between 130 nm and 1.3 µm (figure 1d) [13]. In 
these processes, PVDF crystallizes mainly in the -phase (between 70 - 85%) but a 
small amount of -PVDF can be detected. During electrospray and electrospinning, 
solvent evaporation occurs at room temperature, which favors polymer crystallization in 
the electroactive phase [11, 13].  
When the electroactive -PVDF is obtained is obtained from a stretching process the 
degree of crystallinity is typically around 40% [9]. When solvent evaporation occurs at 
temperature below 70 ºC, the degree of crystallinity present in the porous membranes is 
around 55%, which is also the degree crystallinity degree found for the polymer 
particles and fibers [11, 14]. It is to notice that both degree of crystallinity and -phase 
content are critical in determining the piezoelectric response of PVDF [9]. 
In order to enhance the piezoelectric response of -PVDF, it is necessary to apply an 
electrical poling procedure both to to the films obtained by solvent casting and to the 
ones obtained after mechanical stretching  On the other hand, electrospinning and 
electrospray techniques allows polymer electrical poling during fiber and particle 
processing [15] and therefore, suitable piezoelectric response. 
 
 
Figure 1 – Piezoelectric PVDF in the -phase obtained with different morphologies: a) 
-PVDF film obtained by stretching (R = 5) at 80 ºC (inset: -PVDF spherulite), b) -
PVDF porous membrane obtained by solvent evaporation at room temperature, c) 
polymer microparticles obtained by electrospray and d) randomly electrospun polymer 
fibers obtained by electrospinning (inset: oriented polymer fibers). 
 
Surface properties and cell adhesion 
Cell/biomaterial interface plays an important role in cell adhesion and response. The 
behavior of different cell types on a given biomaterial shows different cell responses 
depending on cells intrinsic characteristics [16-18]. It is proven that different cell types 
use different attachment mechanisms for the same biomaterial surface and that also the 
same cell type can respond differently to different morphologies of the same 
biomaterial. When the cells adhere to the biomaterial surface, a sequence of chemical 
and physical reactions occurs between the cells and the biomaterial that influence the 
extracellular matrix deposition, cell proliferation and differentiation [18]. So, cell 
adhesion to the biomaterial surface involves a complex process and is affected by 
several parameters such as biomaterial surface chemistry [19-20], wettability [21-22], 
surface charge [23-24] and surface topography [17, 21, 25]. In this way, the main issue 
in the application and development of tissue engineering scaffolds is to understand the 
main factors influencing the cell adhesive ability. In this report, it is should be noted 
that only the effect of surface topography and poling state of the piezoelectric material 
will be focused.  
The effect of the influence of biomaterial surface topography on cell response has been 
frequently addressed, but there is still a lack of comparable studies and results once 
there is no consensus for the topography characterization, using roughness parameters at 
different levels [19, 26]. Once the cells are highly sensitive to their surrounding and 
respond to the environmental features at different scale levels, it is important to suitably 
define the cell environment [27-28].   
In the process of cell adhesion, the cells attach to the biomaterials or scaffolds via local 
adhesion points that connect the cytoskeleton of the cell to the biomaterial surface. This 
interaction between the cells and the biomaterial is identified as focal adhesion. In this 
way, the focal adhesions are the predominant mechanism by which cells mechanically 
connect to and apply traction forces on their extracellular matrix, playing a critical role 
in cell response on biomaterials [29]. The cell adhesion usually involves extensive 
shape reorganization: the cell flattening ate the micrometer level and the enlargement of 
the initial contact areas at the submicrometer level [30]. Thus, the focal adhesion of the 
cells will sense their surrounding matrix and will transduce that information into 
morphological changes.  
 
Influence of PVDF microstructures on cell morphology 
Depending on the processing conditions and techniques, it is possible obtain PVDF 
samples with different topographies, surface poling states and different hydrophobicity 
(table 1) that will influence the cell response. 
It is important to note that the natural tissue exhibits a hierarchical structure, with 
specific properties at the macro-, micro- and nano-scale that affect significantly their 
behavior and function. In the same way, biomaterials/scaffolds show generally complex 
structures organized also at several length scales [31]. More specifically, the 
macroscopic level of the scaffold will provide guides and boundaries for cell growth 
and the micro- and nano-scale of the scaffold will provide the framework and capillary 
networks for the local cell growth and organization, allowing the cell adhesion and 
proliferation [32].  
In this way, the design of bioactive membranes or scaffolds can be optimized by an 
understanding of the cell behavior cultured on these membranes/scaffolds. So, as 
previously mentioned, the topography design of the scaffold will influence the cell 
behavior and more specifically the cell morphology. Thus, it is essential for specific 
cells to select the suitable designs of the scaffold to induce appropriate cell response 
[33]. Additionally, the use of electric fields is beneficial or even necessary to stimulate 
specific cell types [34]. Piezoelectric polymers show in this way large potential for 
tissue engineering applications once electrical signals can be detected in human body 
and can be referred as a universal property of living tissue [35-36]. Thus piezoelectric 
PVDF samples can be tailored both with respect to morphology and electroactive 
response depending on the intended applications, including bone, muscle and neuronal 
tissue engineering applications (table 1). 
 
Table 1 – Contact angle values (mean ± SD) of the different PVDF samples depending 
on microstructure and poling state and their potential applications in tissue engineering. 
Poled + and – means poled samples with positive and negative surface charge, 
respectively. 
PVDF samples 
Contact angle 
values [23, 24] 
Applications in Tissue 
Engineering 
Non-poled -PVDF films 83.1º ± 2.2º 
 Bone [23, 37-39] 
 Muscle [24, 40-41] 
 Cartilage [21, 42] 
 Neuronal [43-46] 
 Spinal cord injury [47] 
 Wound healing [48-49] 
"Poled +" -PVDF films 51.3º ± 3.1º 
"Poled -" -PVDF films 45.0º ± 1.6º 
-PVDF porous membranes 94.3º ± 2.6º 
Aligned -PVDF fibers 135.1º ± 3.0º 
Random -PVDF fibers 115.6º ± 3.3º 
 
 
 
As specific examples of tissue engineering applications based on piezoelectric 
polymers, studies on muscle and bone regeneration will be presented in the following, 
as they are two examples of tissues particularly affected by electromechanical 
solicitations in their in vivo environment.  
Skeletal muscle is a highly adapted tissue established by long parallel bundles of 
multinucleated myotubes that are formed by differentiation and fusion of myoblast. It 
has been demonstrated that PVDF substrates influence differently the morphology of 
C2C12 depending on its poling sate and morphology.  It was observed that "poled –" β-
PVDF films (figure 2a) induced higher proliferation than non-poled and "poled +" 
PVDF films. Here “poled –“ and “poled +” indicating poled samples with negative and 
positive surface charges on the cell culture side, respectively. However, the cells show 
an irregular morphology and random arrangement instead the elongated morphology of 
the skeletal muscle tissue [24]. Similar behavior was also observed in β-PVDF porous 
membranes and microparticles (figure 2 b and c). In relation electrospun β-PVDF fibers, 
aligned PVDF fibers promoted the elongation of C2C12 cells along the polymer fibers 
(figure 2d), contrarily to the randomly aligned PVDF fibers [24].  
 
 
Figure 2 – Cell morphology of C2C12 myoblasts cells seeded on t PVDF samples with 
different microstructures after 1 day of cell culture: a) "poled -" β-PVDF film, b) -
PVDF porous membrane, c) electrospray polymer -PVDF microparticles and d) -
PVDF aligned electrospun fibers. 
 
In this way, it is shown that the combination of negatively surface charge with fiber 
orientation of PVDF scaffolds can provide suitably and necessary stimuli for proper 
muscle tissue engineering strategies.  
 
Piezoelectric materials are particularly suitable for bone tissue engineering applications, 
since it was already demonstrated the piezoelectric behavior of bone [50]. It has been 
shown that different topographies and/or surface charge of PVDF samples can influence 
differently the behavior of bone cells. Contrary to the effects observed for muscle cells, 
higher adhesion and proliferation of MC3T3-E1 pre-osteoblast was observed in 
"poled +" -PVDF samples [23, 51]. However, with human adipose stem cells (hASCs), 
"poled -" -PVDF exhibited significantly larger total focal adhesion than non-poled and 
"poled +" samples, and consequently an improved cell differentiation [52]. These results 
indicate, as mentioned above, that cell adhesion is improved by the charged surfaces. 
Further, as in a piezoelectric material the electrical response is modulated by 
mechanical stimulation, experiments were performed with both types of cells under 
dynamic conditions, i.e. under varying mechanical solicitation. This mechanical 
stimulus is relevant in order to simulate the real environment of cell development, as 
bone formation in vivo is typically achieved under mechanical dynamic conditions. It 
was verified higher proliferation [23] and differentiation under dynamic conditions in 
poled -PVDF samples than in static conditions. This behavior was not observed, on the 
other hand, for non-poled -PVDF samples, indicating that varying surface charge, in 
addition to the topography, can support osteoblast cells differentiation and growth, the 
the piezoelectric scaffolds providing the necessary electrical stimuli for novel tissue 
engineering applications of this specific cells. Moreover, the previous works also 
demonstrate the relevance of developing suitable bioreactors mimicking different 
stimuli that can be found in the human body, providing specific physical signal for the 
improvement of the bone tissue engineering strategies. 
 
 
 
Conclusions 
 
This paper summarizes the main results on the use of piezoelectric poly(vinylidene 
fluoride) for muscle and bone cell culture. The relevance of tailoring both polymer 
microstructure and poling state for specific tissue regeneration is demonstrated by the 
different myoblast and osteoblast cell responses to similar polymer samples. It is thus 
shown that piezoelectric polymers allow proper design to develop novel and efficient 
tissue engineering strategies for cells needing electromechanical stimuli for their 
suitable development.   
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